ABSTRACT: In this research, variations in longitudinal permeability of oil palm (Elaeis guineensis Jacq) wood were investigated. Panels were prepared from bark to pith with the study carried out on 3 parts of the transverse surface: outer, middle, and inner. Microscopic observations were done to determine the anatomical properties to establish its theoretical permeability using Poiseuille's equation. Results showed that the middle part of the transverse surface of oil palm wood had the highest theoretical, water, and gas permeability values in the longitudinal direction followed by the inner and outer parts. A decrease in the length of samples resulted in an increase in the permeability of the samples. For all parts, theoretical permeability values were the highest followed by water and gas permeability Lower gas permeability values in comparison to water permeability indicates that oil palm wood is prone to drying defects and is more difficult to treat with chemicals after drying.
INTRODUCTION
The oil palm has been cultivated for palm oil production in Malaysia since 1917 and is one of the most important economic crops in Malaysia. Its economic contribution to the country is significant with recorded export earnings of RM59.8 billion in 2010. 1 The total planting area of the oil palm has been increasing steadily year by year with 4.85 million hectares of land being used for oil palm in 2010 which is an increase of 3.4% from the previous year. It is estimated that nine million oil palm trees are harvested yearly for replanting programs as the trees reach between 20 and 30 years of age. 2 This would result in approximately 14.4 million cubic meters of oil palm woody material produced each year which can be utilized as raw material in the wood panel industry. It is a potential raw material for plywood 3 and compressed lumber 4 production in Malaysia. Loh et al. 5 and Choo et al. 6 found that oil palm wood is very hygroscopic and has a large variation in moisture content (MC) and density in the transverse surface and anisotropic in nature from the bark to the core in the radial direction. These characteristics are well-known as major disadvantages in lumber and veneer drying, modification and treatments such as preservation with chemicals and also the removal of lignin in the pulp and paper industry. It is known that permeability is a key factor that predicts the anisotropic behavior of wood in drying and preservation.
According to Dinwoodie, 7 permeability is simply the quantitative expression of the bulk flow of fluids through a porous material. Siau 8 remarked that one of the principal benefits of research in the field of wood permeability measurements would be the ability to use flow measurements to describe anatomical structure by the determination of the sizes of pit openings, tracheids, and vessels and the number of openings by which the various cell types and interconnected.
Both Siau 8 and Dinwoodie 7 concurred that moisture content is an important factor that affects permeability in wood. In some species, pit aspiration occurs after drying and depending on the degree of aspiration, the permeability of some species can reach zero. Various researchers have conducted studies on the effect of length on the permeability of wood and monocots, and the general consensus is that permeability decreases with increasing length ( 15 ). The variation in density and moisture content in different parts of the transverse surface of oil palm wood (Choo et al. 6 and Bakar et al. 16 ) suggests that permeability will be affected by both factors. Currently there is little or no information on the permeability of oil palm wood, and this research was done to obtain objective information on this property of the wood. Therefore the objective of this study was to determine the water, gas, and theoretical permeability of oil palm wood.
MATERIALS AND METHODS
2.1. Specimens. The oil palm trees were obtained from University Putra Malaysia's oil palm plantation site. The average age of the trees was 30 years old which is within the range of the replanting age of commercial oil palm trees. The average height and diameter at breast height of the trees were 14 m and 40 cm, respectively. Oil palm discs were cut and stored in sealed plastic bags and kept in a cold room to preserve its natural state until laboratory tests were conducted. For the water permeability tests, green samples 20 cm lengths were taken from 3 parts of the transverse surface of the oil palm discs, namely the outer, middle, and inner parts. The permeability of the samples were tested, and the samples were progressively cut to 15 cm, 10 cm, and 5 cm, and the permeability was tested again at each length to determine the effect of length.
For gas permeability samples, oil palm lumber was carefully dried in a kiln to about 15% MC. Specimens from the outer, middle, and inner parts of the transverse surface were taken from the discs for the gas permeability study. All specimens were cut into cylinders with a diameter of 19 mm using a computer numerical control (CNC) machine. The samples tested were 5 cm in length and were then tested again when they were cut to 3.2 and 1.6 cm lengths, respectively, to determine the effect of length and parts. The surface areas of the transverse surface of the specimens were sliced with a scalpel to ensure that all the vessels were opened. The entire surface except the transverse surface of the samples was coated with liquid silicone and left to dry for a minimum of 16 h. The purpose of this was to ensure that they were airtight so that the flow occurs only in the longitudinal direction.
2.2. Density, Moisture Contect (MC), and Porosity Measurement. The density and moisture content of the samples used in this study was measured using the oven-dry method. 2 × 2 × 2 cm samples were cut across the center (bark to pith to bark) of the oil palm discs, and the weight of the samples were measured using a Fisher Scientific Series 320FSMB Type B-220C digital balance with a precision to 0.0001 g. The dimensions of the samples were measured using a veneer caliper. The porosity of the specimens was calculated using the following equation (eq 1)
where ρo = density (g/cm 3 ) of the specimens in an oven-dry condition*.
2.3. Water Permeability Measurement. The longitudinal water permeability measurements were taken using an apparatus designed and built by Perrèand Karimi.
14 The apparatus is a combination of various parts which include an air compressor that provides a stated maximum of 10 kg/cm 2 of air pressure to the system, a series of tubes that is interconnected with valves that stops or release air or water to the different parts of the apparatus, an air pressure regulator that regulates the pressure of the air coming into the system from the air compressor, an electronic balance to weigh the water exiting the specimens, and a computer with a program installed for recording the data from the balance in a fixed interval (3 s).
Distilled water dyed with Safranin-O was used to stain the pathways in the specimens and filtered using a microfilter of 0.2 μm to prevent particulate matter from clogging minute openings in the water pathways of the samples. Water permeability was measured using Darcy's equation (eq 2) for steady state flow
where K = specific water permeability (m , and ΔP = pressure differential (dyne/(m 2 )). 2.4. Gas Permeability Measurement. Various techniques have been developed to measure permeability in solid woods and wood-composite materials (Shi; 17 Pokki et al.; 18 Pokki et al.; 19 Dermoe et al. 20 ). In the present study, the longitudinal gas permeability measurements were taken using an apparatus ( Figure 1 ) designed and built by Taghiyari et al. 21 The apparatus has a floating marker to mark the movement of water, two motion sensors, and an electronic time measurement device to measure the time taken for the marker to pass the motion sensors (1 ms precision). Measurements were done using falling water displacement volume method described by Siau. 24 Four measurements were taken from each specimen. The superficial permeability coefficient was then calculated using Siau's equations 24 (eqs 3 and 4). To calculate the specific permeability (K = k g η), the superficial permeability coefficients were multiplied by the viscosity of air (η = 1.81 × 10 −5 Pa s) 
where k g = longitudinal specific gas permeability (m , R = radius of vessels, m, n = N/A = no. of vessels per m 2 of transverse surface, and η = viscosity of fluid, (dyne s) m −2 . 2.6. Statistical Analysis. An analysis of variance (ANOVA) was carried out on the data, and it was then further analyzed using the Least Significant Difference method (LSD). In this analysis, a simple random design was used to determine significant effects of the (1) parts and (2) lengths of samples on the permeability values.
RESULTS AND DISCUSSION
3.1. Density, MC, and Porosity. It can be seen from Figure 2 that the density of the oil palm wood decreases toward the core section of the stem. The highest densities were recorded for samples near the bark with an average density of 0.556 g/cm 3 , while the lowest density was found at the center of the stem with a density of 0.242 g/cm 3 . The MC of the oil palm wood can be observed in Figure 3 . The results showed an inverse nature compared to density with the MC increasing as the measurements were taken progressively toward the center section of the stem. The highest MC values were found in the center of the stem with an MC of 310%, while the lowest values were found in samples near the bark with an average value of 105%.
Based on the findings above, it was expected that the porosity of oil palm wood shows a declining trend from the outer to the core sections. This can be observed in Figure 4 . The higher void space in the core of the stem allows a higher amount of water to be stored there. Figure 5 shows that the middle part of the transverse surface of the specimens has the highest permeability values at all lengths followed by the inner and outer parts. The permeability values were significantly different between parts. Decrease in the permeability of the samples with their increasing length was also reported in previous work on other species (Taghiyari and Sarvari Samadi; 21 Karimi; 13 Perre and Karimi 14 ) , and in this study, the length of samples significantly affects the longitudinal water permeability values of the oil palm wood. The water permeability values of the oil palm wood dropped drastically as the length of the sample increases (Figure 1 ) with one 20 cm sample from the outer section showing zero flow even after one and a half hours of testing. Similar adverse correlations were also reported between the gas and water permeability of solid woods (Taghiyari 23 ). This phenomenon took place regardless of the area in which the permeability is measured.
Longitudinal Water Permeability.
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The highest longitudinal water permeability value was recorded in the 5 cm samples from the middle part with 7.89 darcys. The lowest longitudinal water permeability value belonged to the 20 cm samples from the outer parts with 0.01 darcys. The presence of leaf traces in the outer section of the oil palm wood might be a contributing factor to the low permeability values found in the outer section especially for longer specimens. The water permeability values of oil palm obtained in this study was considerably lower than 3 species of rattan: Calamus manan, Calamus ornatus, and Calamus peregrines, measured by Zaidon and Petty. 25 The water permeability of oil palm wood is comparable to some species of softwood such as Tsuga Canadensis (Comstock 26 ) and hardwood such as Fagus orientalis and Fagus silvatica (Perre and Karimi 14 ). 3.3. Longitudinal Gas Permeability. The middle part of the transverse surface of oil palm wood gave the highest longitudinal gas permeability values regardless of length of specimen ( Figure 6 ). The highest values were given by the 1.6 cm specimens from the middle part with an average permeability of 2.87 darcys, and the lowest were given by the 5 cm specimens from the outer part with an average permeability value of 0.63 darcys. As can be seen in Figure 6 , the longitudinal gas permeability of the oil palm changes according to the length of the specimen. As the specimens were progressively cut shorter, its longitudinal gas permeability value increases. The 1.6 cm specimens had an average permeability value of 1.98 darcys followed by the 3.2 cm specimens with 1.36 darcys and the 5 cm specimens with 0.96 darcys.
All parts had significantly different (P ≤ 0.05) permeability values from each other. This might be due to several reasons such as the occurrence of extractives occluding the pathways in the outer part. As mentioned in the results of the water permeability, the presence of leaf traces in the outer part might also be a contributing factor to the lower permeability values found in the outer part of the oil palm stem compared to the middle and inner parts of the transverse surface. It is also very clear that length plays a very important role in the longitudinal gas permeability of oil palm wood.
3.4. Theoretical Permeability. It was observed that the density of vascular bundles was clearly different at different parts of the transverse surface of the oil palm wood. Figure 7 shows the stained vessels (active vessels) of the different parts of the transverse surface of the oil palm wood. The density of vascular bundles was clearly higher in the outer part followed by the middle and inner parts. Generally, the vascular bundles in the outer part contained just a single vessel, but sometimes two vessels can be found in a single vascular bundle. Two or more vessels were usually found in the vascular bundles of the middle part. Vascular bundles in the inner part usually contained 2 or 3 vessels and in some rare cases up to 6 vessels. This is in agreement with the discovery by Shirley (2002) .
It is clear from Table 1 that the percentage of active vessels contributing to the water flow decreases as the length of the specimens increase. This explains the drop in permeability values as the length of the specimens increase.
As displayed in Table 2 , the theoretical permeability value of the middle part was the highest followed by the outer and inner parts in the transverse surface. According to Poiseuille's equation, the permeability of wood is proportional to the fourth power of the radius (r 4 ) of the flow openings in wood. This implies that a slight increase in the radius of vessels will result in a large increase in the permeability value (Taghiyari et al. 22 ). The middle part had the highest radius which explains the high theoretical permeability value. It was also observed that the vessels in the outer part of the transverse surface had a smaller radius which explains its low permeability according to Poiseuille's equation of viscous flow.
3.5. Comparison between the Theoretical, Water, and Gas Permeability Values. There is a noticeable difference between the theoretical, water, and gas permeability values of the samples as illustrated in Figure 8 . The theoretical values gave the highest permeability values followed by the water and gas permeability in specimens. The permeability values of the outer, middle, and inner theoretical values is bigger than the outer, middle, and inner water permeability values by a factor of approximately 5, 4, and 3 respectively.
In this study, the decreasing trend of density from the outer to the inner section does not show a similar trend with permeability as the middle section which has the highest permeability values have density values that were between the inner and outer sections (Table 3) . Again, no similar trend was found between the permeability of the oil palm wood with its MC. As with the density, the middle section which gave the highest permeability had MC values that were between the outer and inner parts of the samples.
The overall actual water and gas permeability values are much lower than the theoretical value. This might be due to the length effect and also the presence of possible blockages in the vessels. The vessels elements in oil palm wood are connected via scalariform and simple perforation plates. Scalariform Figure 6 . The effect of parts of the transverse surface and length of specimens on the longitudinal gas permeability of oil palm wood. perforation plates significantly reduce the permeability of wood (Thomas 27 and Petty 28 ) , and this might also explain the lower water and gas permeability values in comparison to the theoretical values. The actual water permeability values of the inner part are higher than the outer part which contradicts the theoretical values. Shirley 29 found that the length of vessel elements for the outer part of the oil palm was significantly shorter than those from the middle and inner parts. Shorter vessel elements would mean an increase in the number of perforation plates in a vessel which in turn increases the resistance to liquid flow. This coupled with the fact that the average radius of the outer vessels is also smaller than the average radius of the inner values contributes to the lower permeability values found in the outer part in comparison with the inner part.
The water permeability values for the 5 cm specimens from the outer, middle, and inner specimens were 7, 6, and 6 times higher than the 5 cm specimens from the outer, middle, and inner gas permeability values, respectively. According to Siau (1984) , kiln or air drying of wood results in high capillary forces at the surface of the free water, and these forces can cause aspiration in the pits of cells of woods. This might explain the large difference between the permeability values found between the water and gas specimens. The large difference between the water and gas permeability values indicates that the oil palm wood is highly susceptible to drying defects. This agrees with the findings of Bakar et al. (2008) .
CONCLUSIONS
The oil palm wood is relatively permeable in comparison to some hardwood species. The longitudinal theoretical permeability values are much higher compared to the longitudinal water and gas permeability values. This is due to the effect of length of the specimens. The gas permeability values are considerably lower than the water permeability values. This might be due to the effect of pit aspiration during the drying of the oil palm wood that causes defects. The lower gas permeability values also indicate that the oil palm wood is prone to drying defects and is much more difficult to treat with preservatives. The present study proves that there is a large variation in permeability between different parts of the transverse surface. Therefore, for plywood industries, separation of veneers for drying and final utilization is recommended.
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